Introduction
Astrocytes are the most abundant cell type in the human brain. They play a critical role in the maintenance of homeostasis of the central nervous system (CNS) by a wide spectrum of functions. These functions include, but are not restricted to, regulation of blood flow (Attwell et al., 2010) , regulation of energy reserves (Choi et al., 2012) , modulation of synaptic transmission (Simard and Nedergaard, 2004) , neuronal connectivity (Eroglu and Barres, 2010) , and uptake of potentially pathogenic proteins (Lee et al., 2010; Wakabayashi et al., 2000) . Furthermore, astrocytes can be triggered by environmental cues including cytokines and chemokines to become reactive during brain injury (Chen and Swanson, 2003) and neurodegenerative diseases, such as amyotrophic lateral sclerosis (Haidet-Phillips et al., 2011; Yamanaka et al., 2008) and Parkinson's disease (Waak et al., 2009) . Although these reactive astrocytes are thought to have a neuroprotective function, astrocyte reactivity has also been associated with neurotoxicity (Chao et al., 1996; Episcopo et al., 2013; Lee et al., 2013; Pekny et al., 2014) ; the mechanisms of balance between neuroprotection and neurotoxicity are still not well understood.
During human brain development, neuroepithelial cells are subject to regional patterning through the effects of morphogens such as retinoic acid (RA) or sonic hedgehog (SHH) (Kiecker and Lumsden, 2012; Rowitch and Kriegstein, 2010) . Neuroepithelial cells have the potential to differentiate into glial cell types (astrocytes and oligodendrocytes) and distinct neuronal subtypes characterized by the neurotransmitter they release and expression of regional identity markers. Recent work has evidenced that positional diversity also exists among astrocytes (Tsai et al., 2012) , therefore raising a growing interest in the effects of patterning factors during the development of astrocytes. Moreover, there is increasing evidence that astrocytes may differ between brain structures, and within these structures, depending on their location along the dorso-ventral and rostro-caudal axis (Anderson et al., 2014; Bachoo et al., 2004; Chaboub and Deneen, 2012) . Because primary human material is not always accessible, advance in the understanding of astrocyte development and diversity has mainly been based on observations in rodent models (Deneen et al., 2006; Hochstim et al., 2008) , and it is only recently that investigations using human astrocytes have been made to better characterize their functional properties, in vivo (Han et al., 2013; Oberheim et al., 2009) .
One of the few feasible sources to investigate human astrocyte development and function in health and disease is via human pluripotent stem cells (PSCs). Human PSCs include embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) which often are the primary source of material used to study neuronal subtypes in vitro using protocols that include time-specific exposure to patterning cues following developmental principles (Hu et al., 2010; Swistowski et al., 2010) . Recently, different protocols have also been described for the differentiation of human PSCs into regionalized astrocytes in vitro (Jiang et al., 2013; Juopperi et al., 2012; Kondo et al., 2013; Krencik et al., 2011; Roybon et al., 2013; Serio et al., 2013; Shaltouki et al., 2013; Yuan et al., 2011) . However, as opposed to the multitude developed for generating spinal cord astrocytes (Jiang et al., 2013; Krencik et al., 2011; Roybon et al., 2013; Serio et al., 2013) , only few exist for generating forebrain and midbrain astrocytes (Juopperi et al., 2012; Kondo et al., 2013; Krencik et al., 2011) . The efficiency of these protocols to generate astrocytes, however, varies greatly not only depending on the type of PSCs primarily used, but also in-between individual iPSC lines generated from one or multiple patients. With PSC technologies potential to personalize medical therapy in the near future, there is a need for tools that can provide a reliable source of homogenous astrocyte populations, regardless of the primary material, enabling development of cellular models for the study of astrocytes maintenance of brain homeostasis in health and disease.
Acquiring an enriched population of a given cell type using a fluorescence-based reporter line has many advantages but requires that the reporter expression is specific to the cell type to be enriched. Glial fibrillary acidic protein (GFAP) is a well-known marker for astrocytes; its expression is dynamic, and associated with astrocyte differentiation (Brenner, 1994; Lee et al., 2008) and known to be up-regulated in reactive astrocytes, in vitro. Therefore, the GFAP promoter is a good candidate for the generation of astrocyte specific reporter lines for use in developmental and disease related in vitro studies. The human GFAP promoter consists of four distinct domains: A, B, C and D (Lee et al., 2008) . Exclusion of the entire C-domain results in misexpression of GFAP and loss of astrocyte specific expression while maintenance of one of the six C-subdomains, the C 1 -subdomain, allows astrocyte specific expression of GFAP throughout the CNS. Notably, this GFA ABC1D element of the GFAP promoter is advantageous not only because of its reduced size but also since reporter driven expression by the GFA ABC1D promoter was shown to be more efficiently expressed compared to when driven by the full size promoter (Lee et al., 2008) . This streamlined promoter was previously successfully used to direct enhanced green fluorescent protein and short hairpin RNA in astrocytes (Yan et al., 2012) .
In this study, we engineered human PSCs to express the monomeric red fluorescent protein (TagRFP) under the control of the human GFA ABC1D promoter fragment (GFA ABC1D ::TagRFP). We initiated our work in human ESCs, and validated the reporter expression in astrocytes generated from human ESC-derived midbrain and spinal cord progenitors. Furthermore, we show that labeled astrocytes aged 90 DIV can be purified by FACS, and kept for an additional 40 days in vitro with no dramatic loss of reporter expression. Additionally, we confirm the identity of our purified labeled astrocytes by immunocytochemistry for known astroglial markers nuclear factor 1 A-type (NF1A), S100 calcium-binding protein B (S100β), gap junction alpha-1 protein also known as Connexin 43 (CX43), Glutamate aspartate transporter (GLAST), Glutamine synthetase (GS) and cluster of differentiation protein 44 (CD44). As examples on how these labeled astrocytes can be used, we assessed secretion of pro-inflammatory mediators in enriched astrocyte cultures treated with fetal bovine serum (FBS) or IL-1β, and uptake and degradation of pathogenic proteins in non-purified astrocyte cultures, the latter substantiating the usefulness of our models for the tracking of pathogenic labeled proteins specifically in astrocytes. Finally, we demonstrate that our protocol for generating fluorescence-based ESC reporter lines is applicable to iPSCs. Both robustness and easiness of our method for generating hPSC reporter lines by transgenesis should facilitate the generation of many more cellular models for studies where homogeneous or fluorescently labeled neural cell populations are necessary.
Experimental procedures

Maintenance of human ESC and iPSC lines
Human embryonic stem cell line H13 was obtained from the Harvard Stem Cell Institute; the generation and characterization of the human induced pluripotent stem cell line NAS2 is described elsewhere (Devine et al., 2011) . Human ESCs and iPSCs were expanded on irradiated CF1 MEFs (GlobalStem), in WiCell medium containing advanced DMEM/ F12 (Life technologies), 10% KnockOut Serum Replacement (Life technologies), 2 mM L-glutamine (Life technologies), 1% non-essential amino acids (Millipore) and 50 μM β-mercaptoethanol (Sigma-Aldrich), supplemented with 20 ng/ml FGF2 (from Preprotech or Life Technologies). At thaw, in order to increase the yield of recovery of the colonies, 20 μM of the Rho-Kinase inhibitor Y-27632 (Abcam) was added to the medium. Medium was changed daily, and colonies were regularly passaged using dispase (Life Technologies). Cells were kept at 37°C under 5% CO 2 . The use of human ESCs and iPSCs is in line with Lund University and national guidelines.
cDNA construct
The pBluescript-Gfa ABC1D was a gift from Prof. Michael Brenner (University of Alabama-Birmingham, USA). The construct encodes a 681 bp fragment of the human GFAP promoter that is sufficient to result in selective expression in murine astrocytes throughout the CNS (Lee et al., 2008) . The full sequence of the fragment is provided in supplementary Fig. 1 . The PGK::Neo-Hb9::GFP plasmid was a gift from Prof. Hynek Wichterle (Columbia University of New York, USA), and was previously used to generate a hESC line reporting on motor neurons (Di Giorgio et al., 2008) . The GFA ABC1D promoter fragment was inserted in place of the Hb9 promoter using Sal1 and Asc1 restriction sites. Then, the tRFP was inserted in place of the GFP using Asc1 and NheI restriction sites. The PGK::Neo-GFA ABC1D ::tRFP construct was checked by restriction and sequencing.
Generation of human ESC and iPS cell reporter lines
Nucleofection, selection and pre-screening were performed as follows: briefly, colonies of each single cell line (H13 and NAS2) were dissociated into single cell cultures, concentrated and electroporated (AMAXA, B-016 program) with the linearized vector (linearized using Not1 single restriction site). Nucleofected cells were seeded and grown on a monolayer of irradiated CF6Neo R MEFs (Globalstem) in WiCell medium supplemented with 20 μM Y-27632 and 20 ng/ml FGF2. Once colonies were formed, selection was applied by adding increasing concentrations of G418 (Life Technologies) to the medium. Every 3 days, G418 concentrations were increased two-fold, to a final concentration of 400 μg/ml. Resistant colonies were picked and expanded separately for storage and pre-screening. Here, cultures were considered positive once RFP expression was observed. Pre-screening was carried out using the midbrain differentiation protocol described hereafter.
Differentiation of human ESCs and iPSCs into CNS regionalized astrocytes
One day prior to start of differentiation, human ESC and iPSC colonies (wild-type or transgenic) were harvested using dispase, and seeded into ultra-low attachment plates (Corning) in Wicell medium supplemented with FGF2 and Y-27632. The day after (day 0), patterning of newly formed embryoid bodies (EBs) toward midbrain (floor-plate) or spinal cord fate was initiated. For patterning into midbrain identity, medium was changed to advanced DMEM/ F12:Neurobasal (1:1) supplemented with 2% (v/v) B27 minus vitamin A and 1% (v/v) N2, 2 mM L-glutamine, 1% nonessential amino acids and penicillin/streptomycin (all from Life Technologies). Midbrain identity was directed by supplementing media with 0.1 μM LDN-193189 (from D0 to D8; Stemgent), 10 μM SB-431542 (from D0 to D6; Sigma-Aldrich), 200 ng/ml SHH-C25II N-terminus (from D0 to D12; Life Technologies), 0.8 μM CHIR-99021 (from D0 to D12; Stemgent) and 1 μM of smoothened agonist (SAG; from D2 to D12; Millipore), as previously described (Kirkeby et al., 2012a) . Medium was changed every other day. Patterning toward spinal cord lineage was started in WiCell media (from D0 to D4) with a gradual shift (from D4 to D6) to glial induction media (GIM) composed of advanced DMEM/F12 with 2% (v/v) B27 plus vitamin A, 2 mM L-glutamine, 1% (v/v) non-essential amino acids and penicillin/streptomycin. Media were supplemented with 0.1 μM LDN-193189 (from D0 to D6) and 10 μM SB-431542 (from D0 to D6), 1 μM of retinoic acid (RA; from D2 to D12, Sigma-Aldrich), 200 ng/ml SHH-C25II N-terminus (from D6 to D12), 10 ng/ml BDNF (from D6 to D12, Life Technologies), 0.4 μg/ml ascorbic acid (from D6 to D12, Sigma-Aldrich), as recently described (Lamas et al., 2014) . For both midbrain and spinal patterning, medium was changed every other day. From day 12 of differentiation, free-floating cultures containing regionalized EBs were grown in GIM supplemented with 20 ng/ml FGF2 and 100 ng/ml EGF (Preprotech; Nelson et al., 2008) . EBs were cultured under these conditions until day 45 and medium was changed twice a week. At day 45, EBs were collected and dissociated using Accutase (Life Technologies).
Single cells were then seeded on 20 ng/ml poly-ornithine (Sigma-Aldrich) and 5 μg/ml laminin (Life Technologies). Cells were cultured in GIM supplemented with 1% (v/v) FBS (Life Technologies) until day 130. When confluent, cultures were passaged using trypsin-EDTA (Life Technologies).
Flow cytometry analysis and FACS
Cells were dissociated using trypsin and re-suspended in magnesium/calcium-free PBS supplemented with 10% FBS (v/v). Samples were analyzed and sorted using a BD FACSAria III (BD Biosciences) with FACSDiva v8.0 software (BD Biosciences), at the MultiPark Cellomics and Flow Cytometry Core technical platform, at Lund University. The cytometer was set up using a 100 μm nozzle at standard pressure of 20 psi and a frequency of 30.0 kHz and was calibrated daily using BD FACSDiva Cytometer Setup and Tracking (CS&T) software and CS&T Research Beads (BD Biosciences). For sorting, drop delay was optimized with Accudrop beads (BD Biosciences) to N 99% of beads sorted in "fine tune" sort mode. Cells were sorted at sort mode 0-32-0 (yield mask 0, purity mask 32, phase mask 0). 7-Aminoactinomycin D (7AAD) was excited by the blue laser (488 nm/20 mW) and emission was detected through a 695/40 bandpass (BP) filter. RFP was excited by the yellow/ green laser (561 nm/50 mW); emission at 610/20 BP. PMT were set using unstained and fully stained cells and emission was detected as the area of fluorescence intensity. In short, the strategy for gating was separating out 1) single cells based on FSC-W/FSC-A and SSC-W/SSC-A (Supplementary Fig. 2A and B), 2) live and dead cells based on uptake of 7AAD ( Supplementary Fig. 2C ), and 3) RFP positive cells compared to non-reporter expressing astrocytes ( Supplementary Fig.  2D ). Compensation was set up using single-positive cells for RFP and 7AAD. Each analysis was based on 10,000 to 20,000 events. Samples were sorted at 4°C directly into GIM medium supplemented with 1% (v/v) FBS. Re-analysis of test-samples showed sort purity greater than 97% and dead cells b 5% of non-enriched populations. Sorted cells were then seeded onto poly-ornithine/laminin-coated plates.
Immunocytochemistry
Cells were fixed using 4% paraformaldehyde (Sigma-aldrich) for 30 min at room temperature and incubated for 1 h at room temperature (RT) with blocking buffer containing 0.1% Triton-X (Sigma-Aldrich) and 10% donkey serum (Millipore) in PBS. Subsequently, cells were incubated with primary antibodies diluted in blocking buffer overnight at 4°C. Cultures were then washed with PBS and incubated with secondary antibodies in PBS 0.1% Triton-X for 1 h at RT. Primary antibodies used in this study were: polyclonal anti-GFAP (1:5000; Z033401-2, DAKO), monoclonal anti-GFAP (1:100; G3893, Sigma-Aldrich), monoclonal anti-HOXB4 (1:80; I12 anti-Hoxb4, DSHB), polyclonal anti-OTX2 (1:500; AF1979, R&D), polyclonal anti-GLAST (1:200; AF6048, R&D), monoclonal anti-Glutamine synthetase (1:1000; MAB302, clone GS-6, Millipore), monoclonal anti-CD44-FITC (1:30; 555478, clone G44-26, BD-Bioscience), polyclonal anti-LMX1A (1:500; 50.5G5, DSHB), monoclonal anti-FOXA2 (1:100; sc-6554, Santa Cruz Biotechnology), polyclonal anti-NF1A (1:100; 39036, Active Motif), monoclonal anti-S100β (1:500; S2532, Sigma-Aldrich), monoclonal anti-CX43 (1:500; C6219, Sigma-Aldrich), polyclonal anti-tRFP (1:5000; AB234, Evrogen). For fluorescence microscopy analysis, secondary antibodies conjugated to Alexa-488, 555 or 647 (1:400; Donkey, Life Technologies) were used.
RT-qPCR
Cultures of progenitors aged 12 DIV were treated with Trizol for RNA extraction, according to standard procedures. Samples were analyzed using the Bio-Rad CFX-96 apparatus, using a protocol customized according to the instructions of the SsoFast™ EvaGreen® Supermix (Bio-Rad). Relative quantification was applied using the GAPDH as reference gene. All RT-qPCR reagents were purchased from Life Technologies. The following primers were used: EN1, GTGTCTGCCCACCTCT TCTC (For) and GCAGTCTGTGGGGTCGTATT (Rev); FOXA2, CC GTTCTCCATCAACAACCT (For) and GGGGTAGTGCATCACCTGTT (Rev); GAPDH, GAAATCCCATCACCATCTTCCAGG (For) and GAGCCCCAGCCTTCTCCATG (Rev); HOXB4, ACACCCGCTAACAA ATGAGG (For) and GCACGAAAGATGAGGGAGAG (Rev); LMX1A, AGAGCTCGCCTACCAGGTC (For) and GAAGGAGGCCGAGGTGTC (Rev); OTX2, GAAGCTCCATATCCCTGGGTGGAAAG (For) and CCATGACCTATACTCAGGCTTCAGG (Rev); PAX6, GGCAACCTAC GCAAGATGGC (For) and TGAGGGCTGTGTCTGTTCGG (Rev).
Microscopy and quantification
Cultures were imaged under an inverted microscope (Olympus IX73 equipped with Hamamatsu C11440 Orcaflash 2.8 camera). Whole well images were acquired using the plate Runner HD from Trophos (at a resolution of 2046 × 2046 pixels). Automated quantitative image analysis of fluorescent and stained astrocyte cultures was performed using the MetaMorph Software V7.8.6.0 (Molecular Devices). Quantitative analysis of stained hPSC-derived astrocyte cultures was performed using the Multi-Wavelength Cell Scoring application. For a specific marker, positive cells were selectively identified as having clear signal intensity above local background. Intensity thresholds were set blinded to sample identity. In a given experiment the same parameters were used in all images analyzed, for all conditions. Parameters were only minimally adjusted across different experiments.
IL-6 ELISA and protein array
FACS-purified astrocytes were seeded in GIM medium containing 1% (v/v) FBS 2 days before the experiment. On the day of the experiment cells were washed twice with non-supplemented GIM and subsequently treated with either GIM plus 1% (v/v) FBS or GIM pus 10 ng/ml IL-1β (R&D). On day 7, media was harvested for protein array and ELISA. Briefly, for ELISA analysis samples were diluted 1:10 and applied to an IL-6 ELISA assay (KHC0061, Life Technologies), according to manufacturer's guidelines. Absorbance at 450 nm was measured by spectrophotometry. Human cytokine array panel A (ARY005, R&D Systems) was used according to manufacturer's guidelines. Intensities were measured using ChemiDoc software (Bio-Rad) and were normalized to mean intensities of reference spots.
Preparation of aSYN species and treatment of astrocyte cultures
Human alpha-synuclein (S 1001 2, rPeptide) was Atto-labeled according to the manufacturer protocol (#38371 Sigma). Fibrils were generated by mixing 100 μg of human alpha-synuclein and 21 μg of Atto-labeled human alpha-synuclein in a total volume of 165 μl 50 mM Tris, 250 mM NaCl, pH 7.5 solution. This solution was incubated for 7 days at 37°C (in the dark) using the following cycle: Shaking (300 rpm) 3 days, left overnight without shaking, shaking for 4 additional days. Preparations were then evaluated by electron microscopy to ensure that fibrillation had taken place (data not shown). Before use, fibrils were sonicated twice 30 s at 40% amplitude with a sonicator (QSonica, 125A-220). Cultures were then incubated with 0.7 μM of either monomers or fibrils for the indicated periods.
Results
Astrocyte differentiation varies significantly between midbrain, but not spinal cord, cultures
Our overall aim was to generate fluorescence-based PSC reporter lines for the isolation of and reporting on human astrocytes generated from regionally distinct neural progenitors. Since human ESC are most commonly utilized to generate reporter lines (Di Giorgio et al., 2008; Fischer et al., 2010; Liu et al., 2011; Placantonakis et al., 2009) we used the human ESC line, HuES13 (H13) for generating our astrocyte reporter line. At first, we developed neural induction protocols that specify neuroepithelial cells toward ventral spinal cord or ventral midbrain floor-plate identities. For the rapid generation of regionalized progenitors, human ESCs were routinely expanded as adherent colonies on irradiated MEFs, and dissociated and seeded onto Matrigelcoated plates forming monolayer cultures. When confluent, cultures were neuralized by dual inhibition of SMAD signaling using LDN and SB (Chambers et al., 2009) , and regionalized toward a caudal ventral fate or midbrain ventral fate using RA and SHH or CHIR and SHH and SAG, respectively ( Fig. 1A) , as previously described (Kirkeby et al., 2012b; Krencik et al., 2011; Kriks et al., 2011; Roybon et al., 2013) . We monitored the appearance of regional identity markers 12 days after initial treatment with the patterning factors. Neural progenitors directed toward a caudal ventral fate expressed HOXB4 and FOXA2, while those directed toward a midbrain ventral fate expressed FOXA2 and lacked HOXB4. Notably, midbrain neural progenitors co-expressed FOXA2 and LMX1A ( Fig. 1B and C) . Because we employed low concentrations of SHH (200 ng/ml), few LMX1A-expressing cells could be detected in spinal cord cultures. These LMX1A positive cells however were negative for FOXA2, and were representative of a more dorsally located population in the spinal cord (Chizhikov and Millen, 2004) . The majority of the cells expressing FOXA2 were reminiscent of populations located more ventrally (Lek et al., 2010; Ribes et al., 2010) . We confirmed the regional identity of the neural progenitors by RT-qPCR for the markers OTX2, EN1, LMX1A, FOXA2, HOXB4 and PAX6 (Fig. 1E ). Thus, treatment with LDN, SB, RA and SHH (hereafter referred to as the spinal protocol) mainly resulted in the production of FOXA2 + /PAX6 + /HOXB4 + neural progenitors, while treatment with LDN, SB, CHIR and SHH (hereafter referred to as the midbrain protocol) resulted in cultures containing OTX2 + midbrain floor plate neural progenitors co-expressing FOXA2 and LMX1A.
We next expanded the neural progenitors in medium containing FGF2 and EGF to generate cultures enriched in glial progenitors (Krencik et al., 2011) , which we differentiated into astrocytes by withdrawal of the mitogens, and adding FBS (Roybon et al., 2013) (Fig. 1A) . Three months after the initiation of the spinal cord and midbrain differentiations, we could still identify the presence of regional identity markers HOXB4 and OTX2, in spinal cord and midbrain cultures, respectively ( Fig. 1D) . Notably, we observed a robust expression of GFAP in spinal cord cultures (Fig. 1F ). This was however not the case for midbrain cultures (Fig. 1G ). Out of 10 midbrain cultures differentiated from ESC stage, half gave rise to large amounts of GFAPexpressing cells, while all spinal cord cultures robustly generated GFAP-expressing cells (hereafter referred to as spinal cord astrocytes). The variability in GFAP-expressing astrocytes generated from human ESC-derived midbrain progenitors (hereafter referred to as midbrain astrocytes) may indicate that the purity of neural progenitors in midbrain cultures is not always ascertained, or that the degree of maturity of midbrain astrocytes in cultures may differ between preparations. This result emphasized the need for generating cellular models that would enable identification and/or purification of astrocytes for several purposes.
Methodology for generating stable transgenic hESC lines reporting on astrocyte differentiation
Several methods exist to generate fluorescence-based reporter cell lines. The most commonly employed are BAC transgenesis (Placantonakis et al., 2009; Rostovskaya et al., 2012) and gene targeting (Fischer et al., 2010; Liu et al., 2011) , but those require large plasmids which often break during electroporation and specific molecular tools not always accessible in every laboratory, respectively. Here, we generated stable human ESC lines by electroporation of a plasmid containing a neomycin resistance gene and a red fluorescent protein gene which are driven by the phosphoglycerate kinase-1 promoter and the ABC1D region of the human GFAP promoter, respectively ( Fig. 2A and Supplementary Fig. 1 ; see Experimental procedures). Colonies surviving geneticin (G418) selection (n = 39) were harvested and individually expanded for differentiation and cryopreservation (Fig. 2B ). Although the selected clones carried the resistance cassette, it is possible that the reporter cassette, despite its small size, was damaged during electroporation. Therefore, we performed a second selection by pre-screening the resistant clones for reporter expression. Since variability was observed in the amount of GFAP-expressing cells generated using the midbrain protocol, but not the spinal protocol, we decided to differentiate the clones using the midbrain protocol at first, to ensure the selection of TagRFP-expressing clones, in advance of extended characterization and validation using the spinal cord protocol. We differentiated the 39 neomycinresistant clones into midbrain astrocytes as adherent cultures in a 96 well plate format and observed for reporter expression. When most of the cultures reached confluence, all differentiating clones were simultaneously passaged. After 70 days of in vitro culture, natural fluorescence-based reporter expression was assessed. Twelve of the 39 clones showed reporter expression and immunohistochemistry revealed colocalization of TagRFP with GFAP in 11 clones (Fig. 2C) . Thus, these two steps of selection allowed identification of 11 G418-resistant GFA ABC1D ::TagRFP-expressing clones (Fig. 2D) ; these were processed further to assess long-term reporter expression in astrocyte cultures.
Characterization of reporter expression in midbrain progenitor-derived astrocytes
We next characterized long-term reporter expression through a time course study of 130 days in vitro (DIV). Cultures were grown side-by-side, as free-floating embryoid bodies (EBs), in a 12 well-plate format (see experimental procedures). From day 45 onward, cultures were grown on adherent substrate in medium containing FBS (1% v/v) to allow differentiation of midbrain neural precursors into astrocytes. At this stage of differentiation, attached cultures were passaged weekly and cells were harvested for analysis of reporter expression using FACS at 70, 90, 110 and 130 days of differentiation in vitro ( Fig. 3A and Supplementary Fig. 2 ). We could not detect GFA ABC1D ::TagRFP in EBs (data not shown) and cultures of midbrain progenitors aged 45 DIV (Fig. 3B ). This was not the case in older cultures where differences were clearly identified between clones, in term of intensity of reporter expression and number of cells expressing GFA ABC1D ::TagRFP ( Fig. 3B and C) . Notably, FACS analysis of clones revealed that at 70 DIV, less than 25% of live single cells expressed GFA ABC1D ::TagRFP (Fig. 3D) .
We next analyzed the degree of enrichment in GFA-ABC1D ::TagRFP-expressing cells after purification by FACS, and reporter expression after subsequent culture for a period of 40 additional DIV, the latter to assess possible loss of reporter expression. For this analysis, we chose to characterize three clones: C9 and C32 which displayed strong reporter intensity measured by FACS, and clone 28 which gave rise to the greatest number of GFA ABC1D ::TagRFP-expressing cells, over time (Fig. 3D) . Cultures FACS-purified on day 90, and grown for 3 additional days, showed a nearly complete enrichment in reporter-expressing cells ( Supplementary Fig.  3A ). This was however not observed in populations that were sorted after 90 DIV and subsequently cultured for 40 additional DIV. At that time point, assessment of reporter expression by FACS revealed a decrease in the number of GFA ABC1D ::TagRFP-expressing cells in purified culture for C9, whereas little change was observed in purified cultures for C28 and C32 (Fig. 4A) . As the intensity of reporter expression varied between the clones, we next analyzed the overlap between GFAP and GFA ABC1D ::TagRFP. We performed quantitative analysis of bright fluorescent reporter (GFA ABC1D ::TagRFP bright )-expressing cells in cultures stained for GFAP and DAPI. The percentage of cells co-expressing GFAP and GFA ABC1D ::TagRFP bright for purified cultures of C32 reached~80% of the GFAP-expressing cells. This however was not the case for C9 and C28 since the majority of the cells variably and weakly expressed the reporter. Thus, C32 appeared to be the most robust candidate clone suitable for reporting on midbrain astrocyte differentiation based on the co-expression of GFAP and GFA ABC1D ::TagRFP bright (Fig. 4B) .
The astrocyte identity of reporter-based purified C32 cells had yet to be validated using additional markers. We therefore performed immunocytochemistry on 130 DIV old C32 purified cultures, for the astrocyte markers NF1A, CX43, GLAST, GS, S100β and CD44 markers. While nearly all cells present in purified cultures at 130 DIV expressed the astrocyte markers (Fig. 4C) , none stained positive for the neuronal and oligodendroglial markers neurofilament and CNPase, respectively (data not shown). FACS analysis of cultures stained for S100β or CD44 confirmed our immunocytochemistry data ( Fig. 4D and E) .
Characterization of reporter expression in C32 astrocyte cultures generated from hESC-derived spinal cord progenitors
Since we aimed to generate a stable transgenic hESC line reporting on astrocytes generated from midbrain and spinal progenitors from a single line, we repeated our analysis now on C32 astrocyte cultures generated using the spinal cord protocol. We differentiated clone C32 from hESC stage, as described above. As for midbrain cultures, spinal cultures contained cells with bright reporter expression ( Fig. 5A  and B ) with a high degree of co-expression of GFAP and GFA ABC1D ::TagRFP bright , 3 days after FACS ( Supplementary  Fig. 3B ). Enrichment by means of FACS at day 90 and subsequent culture for 40 additional days resulted in homogenous cultures composed of GFAP/GFA ABC1D ::TagRFP expressing cells ( Fig. 5C and D) . At 130 DIV, nearly all purified cells present in culture expressed the astrocyte markers NF1A, CX43, GLAST, GS, S100β and CD44 (Fig. 5E) .
Thus, clone C32 was selected as potential hESC line for the isolation of and reporting on astrocytes differentiated from midbrain and ventral spinal cord progenitors generated from a single hESC line.
Human ESC midbrain and spinal cord progenitor-derived GFA ABC1D ::TagRFP-expressing astrocytes are suitable for inflammatory profiling and protein uptake assays
The relevance of our cell models was tested using two distinct paradigms. The first consist of measuring the secretion of pro-inflammatory cytokines and chemokines from GFAP-expressing astrocytes only; it requires pure population of astrocytes in order to reach informative data, which could now be obtained by purifying astrocytes by FACS. The second assay consists of visualizing the uptake of labeled proteins, potentially pathogenic, into astrocytes; this assay requires that astrocytes are labeled and does not require homogenous cultures.
Purified midbrain and spinal cord astrocytes generated from C32 were treated for 7 days with FBS (1% v/v) or IL-1β (10 ng/ml; no FBS). IL-1β was shown to induce reactivity and expression and release of pro-inflammatory factors of hPSC-derived spinal cord astrocytes, which can be monitored by assessing the upregulation of the chemokine RANTES and the secretion of the cytokine IL-6 ( Roybon et al., 2013) . However, this had not been tested for astrocytes generated from hESC-derived ventral midbrain progenitors. Therefore, we performed a qualitative analysis using protein array, where we compared the changes in cytokine and chemokine secretions from FACS-purified astrocytes aged 130 DIV differentiated from midbrain and spinal cord neural progenitors from C32, following treatment with IL-1β ( Fig. 6A) . Protein array analysis showed that IL-6 was not released in FBS treated samples, in contrast to cultures treated with IL-1β, which is concordant with previous finding (Roybon et al., 2013) . Similar levels of IL-6 secreted by the astrocytes were detected in both spinal and midbrain cultures; this lack of difference in IL-6 secretion between midbrain and spinal cord astrocytes was further confirmed by ELISA (data not shown).
Several other cytokines and chemokines were also newly secreted upon IL-1β treatment for both midbrain and spinal cord cultures (Fig. 6A) . Interestingly, GROα (also known as CXCL1) and IL-8 were already present in midbrain cultures treated with FBS, while they were newly secreted in spinal cord cultures treated with IL-1β. In general, a tendency towards increasing secretion of similar chemokines and cytokines in both IL-1β-treated midbrain and spinal cord cultures was observed. The only drastic decline observed between treatments concerned CCL2 (also known as MCP-1), whose secretion was decreased following IL-1β treatment in both midbrain and spinal cord cultures (Fig. 6A ). This finding is in line with recent work showing a down regulation of this protein in cultures composed of primary inflammatory human astrocytes (Choi et al., 2014) , and whose absence exacerbates the release of several pro-inflammatory cytokines including IL-6, G-CSF, IL-1β and CXCL1, indicating a negative regulatory role of CCL2 in neuroinflammation (Semple et al., 2010) . In general, no dramatic differences in cytokine and chemokine secretions were observed between midbrain and spinal cord cultures treated with IL-1β. A large body of evidence suggests that glia play an important role in synucleinopathies through the accumulation of pathogenic proteins such as α-synuclein. Since rodent primary glia (astrocytes and microglia) can internalize α-synuclein in vitro (Lee et al., 2010; Zhang et al., 2005) , and α-synuclein inclusion bodies were described in people with PD (Wakabayashi et al., 2000) , we attempted to demonstrate additional relevance of our models, by investigating whether labeled α-synuclein protein could be tracked in GFA ABC1D ::TagRFP-expressing human astrocytes derived from midbrain progenitors. This test would further confirm the functionality of our astrocytes by being capable of taking up proteins. For this aim, we treated unpurified cultures generated from the clone C32 and aged 90 DIV, with ATTO488-labeled α-synuclein species. Three hours treatment sufficed to observe ATTO488-labeled α-synuclein monomers in vesicular-like structures in all cells. In contrast, fibril species seemed to accumulate at the cellular membrane ( Fig. 6B) , as recently observed by Reyes and coworkers, in an OLN-93 cell line model for oligodendrocytes treated with α-synuclein fibrils (Reyes et al., 2014) . After 7 days of treatment, both monomers and fibrils were clearly observed in vesicular-like structures, demonstrating ongoing clearance of α-synuclein species by human astrocytes (Fig. 6C ). Interestingly, we identified the presence of peri-nuclear inclusions and DNA fragmentation in GFA ABC1D ::TagRFP-expressing astrocytes, as previously described in other cellular experimental models (Bousset et al., 2013; Lee et al., 2010) .
Overall, our data show that C32 can be used to generate homogeneous populations of functional astrocytes from regionally defined neural progenitors, which can be used for studies of inflammation in vitro, and to track the dynamics of pathogenic proteins in human fluorescently labeled astrocytes.
Generation of GFA ABC1D ::TagRFP report line for the reporting on astrocytes generated from human induced pluripotent stem cell-derived midbrain and spinal cord progenitors Since human iPSCs are becoming an important model for investigating human diseases in vitro (Wichterle and Przedborski, 2010) , we decided to test whether our strategy for generating hESC lines reporting on astrocytes could successfully be applied to hiPSCs. Similar to hESC, we generated hiPSC lines for reporting on midbrain and spinal cord astrocytes. We nucleofected the previously characterized hiPSC line, NAS2 (Devine et al., 2011) , and harvested G418-resistant clones (n = 88) which we pre-screened using the methodology we described for the hESC clones. Out of 88 resistant clones, 14 clones showed reporter expression in cultures differentiated for 70 DIV, and co-expressed GFAP. These were selected and expanded for cryopreservation and further analysis. The clones were then differentiated from pluripotent stage using the protocols we developed to generate spinal cord and midbrain progenitors. At day 45 of differentiation, few cells in several clones differentiated using the astrocyte spinal cord protocol expressed the reporter (Fig. 7A ). The number of reporter expressing cells increased over time similar to what was observed for the hESC clone C32 (Fig. 7B ). Clone C70 was selected based upon live imaging and FACS analysis. Reporter-expressing cells in purified midbrain and spinal astrocyte cultures aged 130 DIV, both expressed NF1A, S100β and CD44 ( Fig. 7C and D) as well as GLAST, GS, and CX43 (data not shown). Moreover, purified astrocytes were functional as they secreted IL-6 upon stimulation with IL-1β and it was possible to identify ATTO488 labeled α-synuclein in TagRFP astrocytes (Fig. 7E) , similar to hESC-derived midbrain astrocytes. Therefore, we concluded that our protocol for generating human PSC reporter lines was also applicable to hiPSCs, and that the functional assays conducted using the reporter lines were relevant for both human ESC-and iPSC-derived astrocytes.
Discussion
Human astrocytes are highly heterogeneous and little is known about their development in the CNS. Differentiation of human PSCs into regionalized neural progenitors, which can be further differentiated into astrocytes, offers a new venue of research contributing to investigations of astrocyte development and diversity. These regionally specified astrocytes could be valuable models for studies of disease mechanisms, or as therapeutic vehicles, and homogeneous cultures of fluorescently labeled astrocytes could be an advantage over the use of heterogeneous, non-fluorescently labeled astrocytes for these purposes. Therefore, we engineered human PSC lines to report on astrocytes generated from regionally specified progenitors.
First, to enable investigation of the lines reporting on midbrain and spinal cord astrocytes, two differentiation protocols were developed. These rely on three different steps where neural progenitors are generated and regionalized, expanded and finally differentiated into astrocytes. The midbrain protocol led to the generation of PAX6 -/EN1 + / OTX2 + midbrain floor-plate neural progenitors co-expressing LMX1A and FOXA2, while the spinal cord protocol led to the emergence of PAX6 + /FOXA2 + /HOXB4 + caudal-ventral progenitors. Interestingly, GFAP expression largely varied between different cultures independently differentiated with the midbrain protocol, at day 90 of differentiation, while GFAP expression between spinal cord cultures was relatively similar. This difference might be attributable to the use of retinoic acid for generating spinal cord astrocytes. Indeed, retinoic acid is one of the most potent inducers of neural differentiation in human ESCs (Schuldiner et al., 2000) . Moreover, protocols for generating spinal cord astrocytes have been more widely used, and are better optimized than the few developed for generating midbrain astrocytes. Thus, our new cellular models could help devise new protocols for the robust generation of human PSC-derived midbrain floor plate astrocytes, as well as protocols for generating astrocytes from other brain regions (e.g. dorsal and ventral forebrain astrocytes), provided that reporter expression is confirmed in cortical and striatal astrocytes.
We chose to use the human GFA ABC1D promoter to drive TagRFP in human astrocytes because of its accuracy to specifically direct reporter expression in astrocytes in several CNS regions, at embryonic and adult stage, in rodent (Lee et al., 2008) . Interestingly, during the pre-screening stage, at 70 DIV, not all GFAP-expressing astrocytes co-expressed GFAP::TagRFP (Fig. 2C ). This demonstrated that increasing specificity of reporter expression using the GFA ABC1D promoter that lacks several regulatory elements resulted in the loss of large quantities of astrocytes, perhaps also revealing astrocyte heterogeneity within the culture.
Interestingly, at day 45 of differentiation, no GFA-ABC1D ::TagRFP positive cells were observed in cultures of any clones differentiated using the midbrain protocol. In marked contrast, GFA ABC1D ::TagRFP positive cells were observed in cultures aged 45 DIV for several clones differentiated using the spinal cord protocol. Moreover, TagRFP expression was stronger in spinal cord astrocyte cultures than midbrain astrocytes, for the majority of the clones tested (data not shown). These findings were common to both hESC and hiPSC, and may reflect the dynamic expression of the promoter, in different part of the central nervous system. Similar to our observation was that of Gu and coworkers who showed that in wildtype mice, GFAP expression is much stronger in the spinal cord than in the brainstem (Gu et al., 2010) . Nonetheless, even if TagRFP expression appeared to be more prominent and more robust in and between spinal cord clones compared to midbrain clones, purification of TagRFP-expressing astrocytes generated using either of the protocols resulted in homogeneous populations of astrocytes expressing canonical markers NF1A, CX43, GLAST, GS, S100β and CD44, We also observed morphological differences and varying staining intensity in Reelin between spinal and midbrain astrocyte cultures (data not shown).
In several instances (especially observed for midbrain clones), the percentages of GFAP-expressing astrocytes and TagRFP-expressing cells in purified cultures aged 130 DIV were lower than the initial FACS-purified GFA ABC1D ::TagRFP + astrocytes (Fig. 4A ). This could be attributed to GFAP down-regulation in maturing astrocytes (Roybon et al., 2013) . Moreover, the difference between reporter expression and endogenous GFAP can be attributed to half-lives of intermediate filament proteins in astrocytes which are most likely relatively short (Chiu and Goldman, 1984) compared to stable fluorescent proteins such as TagRFP. Nevertheless, the clones we selected (C32 for hESC and C70 for hiPSC) showed high overlap between GFAP and TagRFP, and their purification by FACS resulted in homogeneous cultures of astrocytes expressing canonical astroglial markers.
Notably, astrocytes generated from the human ESC reporter line could be used in several assays. Interestingly, almost all cytokines and chemokines detected in the protein array study were also detected in a recent similar study employing human fetal astrocytes (Choi et al., 2014) . In concordance with our data, Choi and coworkers found MCP-1 secretion reduced. In contrast, while our data indicated no change in MIF secretion between FBS and IL-1β treated cultures, they reported that the secretion of this antiinflammatory cytokine decreased following a one-day treatment period with two cytokines: IL-1β and TNFα. This decrease in MIF secretion may only be detectable after short treatment, or attributed to the presence of TNFα. Nevertheless, all other cytokines and chemokines were commonly secreted in both studies. It is worth mentioning that our new models have additional uses, such as the tracking of pathogenic protein labeled with ATTO488 in astrocytes in unpurified cultures, where astrocytes generated from regionalized progenitors are labeled using GFAP::TagRFP.
Together, our findings indicate that the lines we generated to report on astrocytes could be useful for future studies of neuroinflammation and astrocyte diversity. Moreover, they provide a new platform to study the dynamics of pathogenic proteins aggregation or their transfer in and between living human astrocytes.
Finally, as a proof-of-principle, we showed that the reporter lines could also be generated using human iPSCs. The hiPSC reporter lines differentiated with the spinal cord and midbrain protocols generated astrocytes strongly resembled those generated from hESC, as previously reported for other hESC and hiPSC lines (Roybon et al., 2013) . The hiPSC clone C70 generated astrocytes responding to IL-1β treatment, assessed by ELISA for IL-6 secretion, and able to take up α-synuclein protein (Fig. 7E) .
In this study, we have shown that the human GFA ABC1D promoter can be used to generate stable hPSC lines to report on GFAP-expressing astrocytes. Furthermore, we have shown that purification of fluorescently labeled astrocytes enables enrichment of regionally defined GFAP + astrocytes. These new cellular models therefore offer an unprecedented opportunity to investigate human astrocyte biology in a finer and easier way, and provide a platform for the isolation of hPSC-derived GFAP + astrocytes for multiple purposes. Furthermore, the fact that these were engineered to express TagRFP provides an advantage for transplantation studies (Davies et al., 2011; Lepore et al., 2008) , especially in transgenic animal models where specific neuronal subtypes are labeled with greenfluorescent protein (GFP). Our cellular models will also be of great interest for co-culture studies with GFP-labeled neurons, and to follow uptake and degradation of fluorescently labeled pathogenic proteins using live imaging. We envision Figure 7 Generation and characterization of GFA ABC1D ::TagRFP report line for the reporting on astrocytes generated from iPSC derived progenitors. A. Absence of reporter expression in iPSC-derived C70 midbrain, but not spinal cultures, at 45 DIV (white arrowheads pinpoint at). Reporter expression is detected at 90 DIV in the same cultures. Scale bars represent 20 μm. B. Time course study showing the percent of GFA ABC1D ::TagRFP positive cells out of live single cells (measured by FACS), for C70 using midbrain (red) and spinal cord (blue) protocol, measured by flow cytometry. Mean ± s.e.m.; n = 3 separate differentiations for spinal cord astrocytes and n = 1 for midbrain astrocytes. C. Canonical markers S100β, CD44 and NF1A expression in astrocytes aged 130 DIV generated using midbrain (upper panels) and spinal cord (lower panels) protocols. Scale bar represent 50 μm. D. Flow cytometry analysis of midbrain and spinal cord cultures stained for S100β and CD44 show enrichment in purified cultures grown for 40 additional days in vitro. Graphs show number of FITC positive cells above threshold. E. Flow cytometry analysis confirms enrichment of TagRFP/ CD44 co-expressing astrocytes clone 70 midbrain (left) and spinal cord (right) cultures, 40 days post-FACS-purification. F. Purified astrocytes aged 130 DIV treated with IL-1β release IL-6, measured by ELISA (shown for C70 and another clone, C61). G. Cellular localization of aSYN in 90 DIV live unpurified iPSC-derived spinal cord astrocyte cultures (C70) treated for 4 days with ATTO488-labeled aSYN monomers. Scale bar represents 10 μm.
that the generation of reporter lines for the isolation of specific cell types will become a powerful tool for the development of bio-diagnostic tools, with focus on personal disparities in health and disease. Moreover, our strategy could be adjusted to include Cre-lox flanking sites, enabling excision of reporter cassette, for transplantation of pure non-labeled human astocytes in the brain.
